Introduction
Recently there has been an explosion of new research designing biomaterials for intervening in immunological processes to achieve therapeutic results in applications ranging from chronic inflammation to autoimmunity to cancer. This is occurring in part because basic immunology has taken great strides in recent decades, and many underlying mechanisms of immune activation and tolerance have been discovered. This depth of knowledge has begun to approach that which is necessary for a system to be "engineerable," giving rise to the burgeoning field of immunomodulatory biomaterials [1] . Further, the rapid expansion of available biomaterials systems that have been introduced in the past few decades provides a rich toolbox from which to draw. New immune-active materials span multiple aspects, including size, with nanoparticles on one end of the spectrum and decellularized matrices and other complex bulk materials on the other. They also vary greatly with respect to whether they target a single cytokine, such as those that employ monoclonal antibodies or other single-target biologics, or whether they engage more integrated and complex processes, such as matrices that influence the polarization of macrophages or T cell phenotypes. This review is structured around this spectrum, with single-target interventions on one end and biomaterials affecting broad, multifactorial aspects of immunity on the other end ( Fig. 1) . Paradoxically, strategies that target a single cytokine or factor can have off-target or difficultto-predict effects, while those that seek to establish a specific therapeutic immune phenotype using multiple factors can produce a more "targeted" overall response. Examples discussed here will cover a range of clinical applications but will generally avoid discussions of infectious disease, the historic purview of vaccines [2, 3] ; rather, we will emphasize work towards raising therapeutic responses in noninfectious diseases and conditions. Indeed, one of the most exciting aspects of biomaterials' application with immunology is how they can enable finely tuned immune strategies well beyond traditional vaccination. Cancer immunotherapy is also receiving tremendous interest from a biomaterials perspective, but we will likewise de-emphasize cancer applications in favor of focusing on other therapeutic applications because there exist excellent recent reviews on cancer immunotherapy [4] [5] [6] . Additionally, owing to the range of concepts discussed, we will focus on specific, exemplary publications rather than exhaustive lists of all studies in each area.
Low complexity: Single cytokine interventions

Delivering or blocking single cytokines
The first portion of this review will focus on work targeting single cytokines or other factors, with subsequent sections discussing more complex, multi-component, and multi-target strategies. It will present illustrative examples of biomaterials that have been used to perturb specific cytokines, and it will place biomaterials-based approaches in the context of other anti-cytokine technologies.
Immune and inflammatory pathology is characterized by the dysregulation of cellular homeostatic mechanisms [7] [8] [9] . Deviance from homeostasis can be triggered by a wide range of conditions, including trauma, infectious disease, inflammation, cancer, congenital disorders, aging, implantation of a biomaterial device, or others. In order to discover therapeutic targets for intervening in the underlying immune processes of these conditions, work is underway to understand the disease etiology specific to each condition, and to establish which pivotal molecular signals regulate the progression of each disease. For Fig. 1 . Biomaterials raising therapeutic immune responses have been developed across a spectrum of complexity, from those targeting single cytokines (A) to those with increasingly complex and multifactorial mechanisms of action (B-D). Strategies targeting single cytokines have used monoclonal neutralizing antibodies, nanoparticles that competitively inhibit cytokine activation, and nanoparticles containing siRNA for the targeted cytokine (A). Although directed at a single target, such therapies can have off-target or pleiotropic effects, as a particular cytokine has multiple downstream effects (A, bottom). As a step up in complexity, active immunotherapies can raise polyclonal antibody responses in T-independent or Tdependent processes (B). More complexly, randomized polyamino acid copolymers used to treat autoimmune diseases engage a variety of immune processes including MHC blocking, T-cell biasing, and the induction of therapeutic antibodies (C). Even further, decellularized extracellular matrices can engage in multiple processes including T cell polarization and macrophage polarization (D). Paradoxically, single-target interventions can have off-target or pleiotropic effects (A, bottom), and more complex materials can elicit a reproducible overall phenotype (right). Current research in biomaterials immunology is beginning to elucidate strategies and mechanisms by which biomaterials can reproducibly engage these complex processes.
inflammatory conditions, a relatively discrete set of cytokines-the intercellular chemical signals of the immune system-have emerged as key targets, and biomaterials have been employed to either deliver or block them with appropriate spatial and temporal distributions. Agonistic or antagonistic action against a single cytokine can initiate, alter, or quench signaling cascades that modulate disease. Key mediators of inflammation that have received particular attention within biomaterials strategies include Interleukin 1 beta (IL1β), IL4, interferon-γ (IFNγ), IL6, IL17, IL23, tumor necrosis factor (TNF), and the classically anti-inflammatory IL10 [10, 11] . In the inflammatory milieu, these factors can be upregulated in positive feedback loops when regulatory checkpoints fail. Despite the complexity of inflammatory signaling, the interconnectedness of its networks allows specific targets to be effective therapeutics for treating disease. While the pleiotropic nature of cytokines allows for broad effects when they are singly targeted, such strategies can have negative off-target effects that arise from their systemic administration and their short half-lives in circulation, necessitating technologies that can prolong and localize anti-cytokine signals in a tissue site of interest.
As an archetypical example, IL1β is a pro-inflammatory cytokine produced throughout the body, central in the inflammatory response to infection [7] . It mediates local inflammation by stimulating the translocation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) to the nucleus where it upregulates pro-inflammatory cytokines, including additional IL1β, as well as IL6, IL23, and TNF. As one of the master regulators of the inflammatory process, functioning IL1β is implicated in several chronic and acute inflammatory conditions, such as rheumatoid arthritis (RA) and osteoarthritis (OA) [12] [13] [14] , as well as in congenital autoinflammatory diseases such as Familial Mediterranean fever (FMF), neonatal onset multisystem inflammatory disease (NOMID), Behçet's disease, and deficiency of the IL1 receptor antagonist (DIRA) [15] . Accordingly, therapeutics targeting IL1β are the primary or alternative treatment for these diseases. Fortuitously, IL1β has a natural competitor: the IL1 receptor antagonist (IL1Ra), which regulates IL1β activity by binding to the IL1 receptor without activating it, providing competitive inhibition for the effector molecule [16, 17] . One therapy, anakinra (brand name Kineret), an IL1Ra mutant, consists of daily 100 mg subcutaneous injections, but systemic delivery has disadvantages, including increased susceptibility to serious infection, neutropenia, increased risk of lymphoma, allergic reactions including anaphylaxis, and injection site reactions such as redness and swelling [18] [19] [20] . It is the only approved therapy for NOMID, a congenital disease caused by mutations in NLRP3 signaling which leads to excessive inflammasome activation through IL1β mediated inflammation [21] , and it is also approved for patients with moderate to severe RA, but only for those who have failed prior treatments with one or more disease modifying anti-rheumatic drugs [22] . Anakinra has also been evaluated for treating OA via intraarticular injection, but a multi-center study demonstrated no significant difference between it and placebo, attributed to the low residence time of the drug [23] .
Owing to challenges with delivering IL1Ra directly, it has become an attractive target for biomaterials-based strategies aiming to improve its biodistribution and pharmacokinetics. Recent strategies have included biomaterial-IL1Ra conjugates, which work to both prolong the delivery of IL1Ra and to increase or maintain the bioactivity of the molecule. For example, García and colleagues developed a novel nanoparticle system for delivering IL1Ra to the intraarticular space ( Fig. 2A) , which preserved the bioactivity of the protein compared to other hydrophobic synthetic scaffolds (i.e. poly(lactic-co-glycolic acid) (PLGA) [24] . These particles also demonstrated increased retention time in the articular space with a half-life of 3.01 ± 0.09 days for IL1Ra particles compared to 0.96 ± 0.08 days for soluble IL1Ra (Fig. 2B) . Follow-up work by the same research group demonstrated that modulation of the size of the particle from 500 nm to 900 nm using a poly-hydroxyethylmethacrylate (pHEMA) backbone functionalized with hydrophobic pyridine side chains increased average particle retention time in the knee joint ( Fig.  2C-D) [25] . The pHEMA particles were then used in an in vitro setting with IL1Ra, and it was demonstrated that cells treated with IL1β and exposed to IL1Ra nanoparticles maintained NF-κB expression levels similar to those of unstimulated controls, demonstrating protection [26] . These preclinical data are positive indications for the combination of effective localization with high bioactivity, and together they demonstrate different facets of how biomaterials can be employed to deliver single-cytokine targeted biologics.
In another strategy to prolong the residency of IL1RA within the intraarticular space, elastin-like polypeptides (ELPs) have been investigated both as fusion proteins and as depot-forming materials. ELPs are a class of polypeptides utilizing a repetitive Val-Pro-Gly-Xaa-Gly motif, where Xaa can be any amino acid except proline [27] . ELPs have interesting phase transition properties and can aggregate in response to small changes in temperature near a critical phase transition temperature. Although ELP fusion proteins had lower bioactivity compared to native IL1Ra [28] , a depot formed by entrapping anakinra in ELP Fig. 2 . The development of a nanoparticle system for delivery of IL1Ra to the rat knee joint. Particles of 500 nm diameter were assembled and chemically conjugated with IL1Ra (A) before being tagged with a near-infrared dye and injected into the rat knee joint. Fluorescent intensity was then measured over 14 days and compared to a similarly tagged soluble IL1Ra to determine residence time in the joint (B). In a subsequent study 900 nm particles were developed (C) which maintained bioactivity while increasing total signal retention in the knee as measured by near-infrared fluorescent signal intensity (D). Reproduced with permission from references [24] (A-B), [26] (C), and [25] (D).
particles prolonged the drug's residence in the intraarticular space substantially, from 4 h to more than 5 days in mice [29] . Using this technology Kimmerling et al. demonstrated in a mouse model of post-traumatic arthritis that arthritis progression could be prevented by immediate treatment following trauma.
Not every molecular target has a natural competitive inhibitor like the IL1β /IL1RA system, however, and therapeutic materials have been developed using other means for limiting cellular exposure to inflammatory cytokines. For example, the Anseth lab has developed gels of polyethylene glycol (PEG) that antagonize TNF via a short affinity peptide. The peptide-functionalized PEG hydrogel shielded PC12 cells, mouse islet cells, and human mesenchymal stem cells from the deleterious effects of TNF when the cells were encapsulated in the gel [30] . The Anseth lab has also developed affinity peptide-functionalized PEG hydrogels for sequestering monocyte chemotactic protein 1 (MCP-1), a chemokine that recruits memory T cells, dendritic cells, and monocytes [31] . These gels reduced the release of MCP-1 by encapsulated pancreatic β-cells, suggesting the possibility of using such materials to dampen host immune responses after cell transplantation, where inflammatory reactions initiated by the implantation procedure could damage the cells being delivered.
Some situations require not a diminishment but an enhancement of inflammation, for example cancer immunotherapy. Pradhan et al. recently used PLGA particles functionalized with IL10-targeted siRNA and the toll-like receptor 9 (TLR9) agonist CpG oligodeoxynucleotide (ODN) to boost anti-tumor immunity [32] . Although only one cytokine was targeted, the combination of the IL10-targeted siRNA and the CpG could elicit a T helper 1 (Th1) response. In this example, the biomaterial's ability to co-deliver both signals enhanced the effectiveness of each component.
Biomaterials directly intervening in IL1β and other individual inflammatory cytokines illustrate some of the advantages and disadvantages of single-cytokine targeted therapeutics. Advantages include prolonged delivery, enhanced avidity, relative simplicity of the system (a biologic plus a biomaterial carrier), the ability to co-deliver more than one signal, and increased half-life. Despite the simplicity of such an approach, there are some potential limitations. First, IL1Ra can have off-target effects, such as increasing susceptibility to serious infections and inducing neutropenia [18, 19, 20, 33] . Second, when delivering a protein-based biologic, it is possible that the biomaterial scaffold itself can augment immune responses against the biologic, against scaffold components, or against neoepitopes created from any linkages between the two. Such biomaterial-augmented immunogenicity can be complex, and a number of physical parameters influencing the immunogenicity of biomaterials scaffolds are being elucidated. Recent work by Andorko et al. demonstrated that the immunogenicity of synthetic scaffolds alters as particles degrade [34] , complementing previous work showing that molecular weight [35] , size [36] , charge [37, 38] , hydrophobicity [39, 40] , environmental signals [41] , chemical functionality [42] [43] [44] , biomaterial type [45, 46] , and shape [47, 48] are all factors that can influence the strength and phenotype of anti-biomaterials immune responses. Beyond practical considerations of location and release, the thoughtful design of each of these parameters should be involved in the design of a biomaterial for targeting a specific cytokine.
Active immunotherapies targeting single cytokines
Biologics, especially monoclonal antibodies, have seen widespread clinical use for anti-cytokine treatments, exemplified by the blockbuster success of adalimumab (Humira), a fully humanized antibody targeting human TNF that has been used clinically to treat a range of diseases that include rheumatoid arthritis [49] , Crohn's disease [50] , and ankylosing spondylitis [51] . Building on the success of anti-TNF therapies, other antibodies targeting other cytokines such as IL17 have also emerged as new therapeutics. One example, ixekizumab (Taltz) received FDA approval as recently as 2016 for the treatment of plaque psoriasis-with complete control of symptoms in more than 80% of individuals treated [52] . While these treatments demonstrate that specific cytokine targeting has tremendous therapeutic potential, the approach has some disadvantages. Antibody treatments require repeated injections, as frequently as every two weeks, which contributes to patients developing anti-drug antibodies (up to 28% of patients taking Humira [53] and 15.2% of patients taking Taltz [52] developed anti-drug antibodies within one to three years of drug administration). These anti-drug antibodies can be neutralizing, rendering the antibody ineffective.
Current research in biomaterials is poised to build on the success of monoclonal antibody therapy while addressing its limitations. Active immunotherapy, in which antibodies are raised in situ against autologous targets, is under development as such an alternative. In active immunotherapy, an immunizing material is used to raise antibody responses against a desired target without generating a damaging or uncontrolled autoimmune response. Among candidates for active immunotherapy, virus-like particles (VLPs) and other self-assembling peptides and proteins are attractive potential platforms. VLPs are assemblies of viral coat proteins lacking the genetic material necessary for viral replication. Although VLPs are not always thought of as "biomaterials", they share many structural features of biomaterials, being nanoscale particulates composed of self-assembled proteins. These particles can generate robust responses based on the immunogenic structure of the viral capsid, which can display foreign epitopes in a precisely uniform and highly concentrated manner without risk of infection. Prophylactic VLP-based vaccines are already in widespread clinical use, for example Cervarix and Gardasil, but VLPs raising therapeutic responses against harmful self-proteins have yet to be translated significantly to the clinic. We will de-emphasize the work that has been done with prophylactic vaccines and instead focus on the use of therapeutic VLPs for the purposes of active immunotherapy.
The advantages of using VLPs and other biomaterials for active immunotherapy are multifaceted. Many VLPs are already well characterized from years of development, they self-assemble by nature, and the design principles that dictate their geometry and size have been wellstudied [54, 55] . While many icosahedral viruses were utilized in early formulations of VLPs, and icosahedral bacteriophage VLPs are in clinical development, other structures include enveloped viruses, spherical influenza, and HIV [55] , which enable the delivery of larger proteins. VLPs contain T cell epitopes, which together with VLPs' capacity for extremely regular and multivalent display can collectively initiate T celldependent antibody responses.
The primary obstacle to the development of an active immunotherapy against an autologous target is overcoming immune tolerance to the auto-antigen without triggering autoimmunity; in other words, the capacity to break B cell tolerance and raise therapeutic antibodies without breaking T cell tolerance [56] . Indeed, the maintenance of B cell tolerance in healthy individuals is significantly achieved by the requirement for T cell help for most antibody responses. To overcome this biological barrier to effective auto-antibody responses, VLPs, which contain effective viral T cell epitopes, are combined with B cell epitopes from self-antigens. Using VLPs as a biomaterial to co-deliver these two types of epitopes in conjunction with adjuvant has been successful in surmounting B cell tolerance and producing antibodies against self-targets without triggering autoimmunity in the form of cytotoxic T cells [56] . The uniform patterning of antigens on the surface of VLPs can also trigger T cell-independent antibody responses by crosslinking surface immunoglobulin on B cells [57, 58] . The combination of these two mechanisms of antibody induction allow for multiple pathways to produce therapeutic neutralizing antibodies.
One VLP that has received interest for designing active immunotherapies is the Qβ bacteriophage, a 25 nm diameter virus that naturally infects E. coli. Conjugation of whole murine IL17 to the surface of a Qβ bacteriophage VLP was shown to produce anti-IL17 antibodies and delay the onset of disease or reduce the severity of symptoms in models of experimental autoimmune myocarditis (Fig. 3A-C) , autoimmune arthritis (RA) (Fig. 3D) , and experimental autoimmune encephalitis in mice ( Fig. 3E) [59, 60] . The same bacteriophage VLP technology has been used for vaccination against IL1β and IL1α [61] . It has been demonstrated that the IL1α active immunotherapy had the capacity to limit the development of atherosclerosis in mouse models [62] . Preclinical work demonstrated the efficacy of an anti-IL1β vaccine in mice [63] using a mutant IL1β protein with 10,000-fold lower bioactivity than native IL1β covalently linked to the Qβ bacteriophage. The creation of a mutant IL1β that could still induce an anti-IL1β response without inducing systemic inflammation had been an obstacle to the prior development of such a vaccine. The IL1β vaccine has progressed to clinical studies for the treatment of diabetes mellitus type 2 [64] . In an initial study, which combined preclinical and clinical results, 24 rhesus macaques and 36 human patients received the IL1β vaccine. In both contexts, the vaccine induced neutralizing antibodies without any serious adverse events [64] . Only the highest dose of mutant-IL1β-Qβ-VLP vaccine, 900 μg administered 6 times over 14 weeks, produced neutralizing antibodies in humans, whereas initial preclinical studies in mice had demonstrated neutralizing antibodies after a single injection and the preclinical study in rhesus macaques had shown induction within 3-4 injections. Encouragingly, participants in this initial clinical trial suffered no adverse side effects over the course of 48 weeks following initial vaccination, and antibody responses had an attractive half-life of about 7 weeks.
While initial results are promising, one challenge for the safe and reliable administration of active immunotherapy is the necessity of an "off" switch if the therapy has unintended side effects, or if treatment needs to be discontinued. Reports to date have shown that auto-antibodies typically have short half-lives between three months and one year without a booster vaccination [65, 66] . This means that repeated injection of active immunotherapy agents is required to maintain immunity, and it presents the possibility that simply discontinuing boosting may be sufficient to halt treatment. These results have been recapitulated using VLP technology in rhesus macaques in a study with auto-antibodies targeting CCR5 for protection against a simian immunodeficiency virus [67] , and the aforementioned study with mutant IL1-Qβ VLPs, but as more studies are conducted in larger human populations the likelihood of contraindications and side effects increases. On the other hand, the development of a long-lived antibody response may be beneficial for individuals living with genetic diseases that require lifelong treatment. In either case, greater understanding of design principles of active immunotherapy platforms will be an important component in the progress of this field, and in this regard biomaterials engineers may be able to contribute.
The development of design principles for active immunotherapy is currently underway, and it is known that VLPs require careful construction and must be altered from their native structure to eliminate naturally immunosuppressive features of the viral capsid. Additionally, the production of VLPs in different organisms has been reported to affect immunogenicity, for example VLPs produced in E. coli have been shown to be less immunogenic than those produced in mammalian and yeast cells due to differing glycosylation [55] . It is also important to note that some auto-antibody responses can be elicited from B cells with limited T cell help, and in fact this may represent a strategy for eliciting antibody responses with shorter half-lives [68] .
Taking lessons from VLPs and other supramolecular systems, the molecular self-assembly of short synthetic peptides also shows promise as a novel therapeutic vaccine platform by offering a modular, tunable incorporation of mixtures of B and T cell epitopes. Our group has investigated the β-sheet fibrillizing peptide Q11 (QQKFQFQFEQQ), which can be conjugated with a wide range of peptide epitopes. Mixing various Q11 derivatives allows for highly gradated control over epitope concentration in the assembled structure. The platform's capacity to display multiple B and T cell epitopes with stoichiometric control and its amenability to adjustment of the epitope content by simple mixing makes it useful for empirically determining optimal combinations of epitopes in various therapeutic contexts. Recent work by our group has suggested that beyond simple presence or absence of T cell epitopes in the context of B cell epitopes, the relative abundance of T cell epitopes affects the phenotype of the CD4 T cell response by biasing it either towards a higher prevalence of T follicular helper (Tfh) cells or Th1/Th2 cells, while also modulating the isotype of antibodies that are produced [60] (A-C) and [59] (D-E). [69] . By controlling the relative concentration of T cell and B cell epitopes, as well as co-presentation of multiple epitopes in different immune contexts, the duration and magnitude of immune responses and antibody titers could potentially be modulated. Tools such as this could be used to develop a broader understanding of the design principles necessary to maximize the efficacy and safety of active immunotherapies, though much work remains in this regard.
3. Increased complexity: Synthetic biomaterials eliciting multifactorial responses in therapies for autoimmunity
Autoimmunity challenges
Whereas the previous section discussed strategies focused on targeting single, specific cytokines with biologics or adaptive immunotherapies, this section will focus on biomaterials that function through more complex and multifactorial immunological pathways. These types of biomaterials have been developed towards a range of clinical situations, but particularly for various autoimmune diseases, which we will emphasize here. Currently there are polymer-based immunotherapies in preclinical trials, clinical trials, and in approved treatments that modulate immunity broadly, towards treating a variety of autoimmune diseases including multiple sclerosis (MS), type 1 diabetes (T1D), systemic lupus erythematosus (SLE), and inflammatory bowel diseases such as Crohn's disease.
Autoimmune diseases affect 19% of the world population [70] , and their incidence is rising. Caused by a combination of genetic and environmental factors, their etiologies are incompletely understood, and treatment options are limited, so broadly acting immunomodulatory biomaterials could offer significant advancement. Autoimmunity can arise when autoreactive T cells escape deletion by central tolerance mechanisms. Although several peripheral tolerance mechanisms exist to remove or suppress any such autoreactive T cells, in autoimmunity one or more of these also fail. These include anergy, deletion, T cell suppression through the induction of regulatory T cells (Tregs), and anatomical barriers such as the blood-brain barrier. Initial stages of autoimmunity can engage small numbers of responding cells and small amounts of autoantigen, but many autoimmune diseases are characterized by cyclic episodes with worsening rounds of immune responses. For example, in relapsing-remitting multiple sclerosis, immune cells cross the blood-brain barrier to attack myelin in cyclic episodes that can worsen over time, and inflammatory bowel diseases (IBD) also commonly have a relapsing-remitting course. Although autoimmune diseases are diverse in both their targets and in their clinical progression, they share commonalities, and several aspects have been vigorously pursued for the development of therapeutics. For the randomized amino acid polymers that we focus on in this section, these processes include the presentation of peptide within major histocompatibility complex (MHC) molecules, the inflammatory phenotype of antigen-presenting cells, the polarization of the resultant T helper cell response, the induction of Treg cells, and the stimulation of therapeutic B cell responses. Notably, autoimmune diseases usually involve innate and adaptive immunity broadly, thus making integrated and broad-acting approaches advantageous.
Randomized amino acid copolymers
Glatiramer acetate (GA, Copaxone, copolymer 1, cop 1) is a randomized polyamino acid polymer that generates therapeutic immune responses for treating autoimmune disorders of the central nervous system, particularly multiple sclerosis (MS). Like VLPs, GA may not conventionally be identified as a "biomaterial", but its copolymer construction makes it similar in some respects to other biopolymeric biomaterials, and the complex immune responses it generates raises important considerations for materials design. It is synthesized by the random polymerization of N-carboxyanhydride derivatives of four amino acids: lysine, glutamic acid, tyrosine, and alanine. It is polydisperse, with an average molecular weight between 4.7 and 11 kDa [71] . The drug, marketed as Copaxone by TEVA Pharmaceuticals, has had an interesting pathway of discovery and application. The copolymers that were originally synthesized were created to mimic myelin basic protein (MBP), with the intention of inducing, not treating, experimental autoimmune encephalomyelitis (EAE) [72] . However, the discoverers of GA were surprised to find that rather than inducing disease, GA protected mice from EAE [72] . Since publication of this finding in 1971, GA has been developed over the ensuing decades, was approved in multiple countries for the treatment of relapsing-remitting MS in 1995, and is now a widely prescribed drug [73] . Recently a generic version marketed as Glatopa was approved by the US-FDA [74] , and other generics have been marketed and administered worldwide. Glatimer by Natco Pharma is sold in India and the Ukraine, Probioglat by Probiomed is sold in Mexico, and both Escadra (Raffo Laboratories) and Polimunol GTR (Synthon) are sold in Argentina [75] . Collectively these molecules have been termed glatiramoids [75, 76] . Because they are non-biological complex drugs composed of difficult-to-define randomized mixtures of polyamino acids, the specific biological activity of glatiramoids is highly dependent on their manufacturing processes. It has been found that with the exception of Glatopa and Copaxone [77] , formulations manufactured with slightly differing processes can induce variable gene expression profiles in responding immune cells [78] .
Even though GA itself is a simple molecule, its mechanism of action is complex, in some respects an opposite concept compared with the single-cytokine strategies discussed in the previous section that seek only to engage one target. GA's multifactorial mechanism of action has been increasingly clarified over the past forty-plus years, and a recent review of these mechanisms counts at least eleven distinct processes that constitute its overall effect in treating multiple sclerosis [79] . These effects can be broken down into three categories, including direct neuroprotection (e.g. the reduction of nerve injury, remyelination, neurogenesis); immunomodulation within the central nervous system; and peripheral immunomodulation outside the central nervous system [79] . We will focus on these latter peripheral immunomodulation mechanisms, as they are illustrative of the complex adaptive immune effects that biomaterials can induce. These immune-specific effects involve most of the essential cells of adaptive immunity, including antigen-presenting cells, T helper cells, and B cells.
With respect to antigen presenting cells, one of GA's proposed mechanisms of action involves GA peptide epitopes competing for MHC class II binding sites with autologous proteins, mainly myelin basic protein. In a patient with MS, peptide epitopes from myelin basic protein and other targets are presented within MHC class II molecules, which stimulate autoreactive T cells that ultimately polarize towards a harmful Th1-type response [71] (Fig. 4A) . To intervene in this process, GA is believed to promiscuously bind to MHC class II molecules, thus displacing myelin epitopes from the MHC binding groove and blocking myelin-specific T cell responses [71, 79, 80] . In this process, it is thought that the randomness of each GA peptide strand plays an important role, raising the chances that one or more specific epitopes within GA can out-compete the myelin basic protein epitopes that induce MS. The randomized, complex nature of GA appears to be essential, as specific altered peptide ligands based on myelin basic protein have either been encephalitogenic [81] or ineffective [82] in clinical trials.
Beyond diminishing the presentation of autoreactive peptides in MHC class II, GA also has additional effects on cells of the innate immune system, as it has been shown in dendritic cells from GA-treated MS patients that GA induces them to produce lower levels of the inflammatory cytokines TNF and IL12, along with higher levels of the anti-inflammatory cytokine IL10 [79, 83] . Additional diminishment of inflammation arises from GA reducing the secretion of the strongly inflammatory cytokine IL1β by monocytes [84] . Although GA clearly has strong effects on innate cells, inducing them to decrease their production of inflammatory cytokines and to increase their production of anti-inflammatory cytokines, the fundamental mechanism of how GA achieves this remains to be fully elucidated.
One consequence of the diminished inflammatory phenotype of innate cells elicited by GA is a resultant skewing of T cells away from inflammatory pathways such as Th1 towards the anti-inflammatory Th2 and Th3 pathways [71, 74, 85] . Th2 cells produce IL4, IL5, IL10, and IL13, resulting in a non-inflammatory phenotype and strong antibody (IgG1 and IgG4) production. Th3 cells, whose differentiation is enhanced by IL4, IL10, and TGFβ, are also non-inflammatory, secreting IL10 and TGFβ and further inhibiting Th1 and Th2 cells. In contrast, Th1 and Th17 cells are inflammatory, secreting IFNγ, IL17, and other inflammatory cytokines, respectively. This shift from pro-inflammatory Th1 cells towards an anti-inflammatory Th2-profile has been observed not only in animal models and in vitro, but also in MS patients receiving GA [86, 87] . Additionally, GA has been found to restore the frequency and function of Treg cells, which are otherwise depleted in MS [88] . In these ways, skewing of T cells participates in the broader anti-inflammatory phenotype that GA elicits, reinforcing and potentiating anti-inflammatory signaling among and between populations of T cells, innate cells, and B cells.
B cell and antibody responses also appear to be involved in the therapeutic effects of GA. In patients, specific antibodies against GA have been detected [89, 90] . These antibodies, even though they are directed against GA, appear not to interfere with GA's therapeutic effects. Their isotypes (IgG1 and IgG4) further indicate that a Th1-to-Th2 skewing is induced by GA, and patients with low relapse rates tend to have the highest anti-GA antibody titers, suggesting that the antibodies themselves are therapeutic [91, 92] . In sum, GA has been shown to induce therapeutic effects through an extraordinarily broad range of immunological mechanisms.
Glatiramoids are a unique class of materials, yet researchers in the areas of biomaterials and drug delivery might ask a few key questions: What other polyamino acid biomaterials may have similarly broad and therapeutic immunological activities? What design rules could be extracted from GA, other randomized polyamino acids, or other designed polymeric biomaterials? And how can these types of molecules be tailored to maximally achieve broad-acting immunological effects that are optimally suited to treat different diseases? These questions, while fascinating and potentially transformative, largely remain to be definitively answered, as preclinical and clinical data indicate complex design rules. To date GA has been approved only for treating MS, but it has been investigated for treating other diseases, including Huntington's disease (HD) (Fig. 4B ), Alzheimer's disease (AD) (Fig. 4C) , macular degeneration (Fig. 4D) , inflammatory bowel disease (Fig. 4E) , and even cerebral malaria [93] , illustrating how applicable biomaterials raising multifactorial immune responses could be. Towards Huntington's and Alzheimer's diseases, GA may produce neuroprotective and anti-inflammatory responses in the brain through brain-derived neurotrophic factor (BDNF) [94] . One study investigated the effects of GA on BDNF in astrocytes both in vitro and in R6/2 and YAC128 transgenic mouse models of HD. GA not only increased BDNF production in astrocytes, but preserved degenerating neurons and motor functions in mice, and increased the overall survival rate compared to controls [94] . In an AD mouse model, GA reduced the plaque formation common in AD, increased neurogenesis, and decreased cognitive decline [95] . Another disease that involves immunological and inflammatory dysregulation is age-related macular degeneration (AMD), which exerts a significant burden on the elderly population. The disease is characterized by the accumulation in the retina of small inflammatory nodules called drusen, leading to progressive blindness. Patients with AMD given GA as a weekly treatment showed a decrease in drusen over 12 weeks compared to placebo, illustrating a potential role for GA in treating AMD [96] . In another example, GA has been investigated for treating IBD, which causes weight loss, intestinal bleeding, diarrhea, and colon damage. In mice with acute experimental colitis, GA treatment reduced and ameliorated these symptoms [97] . TNF and IFNγ levels were depleted, while TGFβ and IL10 increased [97] , echoing the Th2 biasing that has been observed with GA in the context of treating MS.
Although these therapeutic effects in a range of different inflammatory and autoimmune diseases indicate that GA and similar polyamino acid copolymers may have utility well beyond MS, it remains challenging to tune the complex and multifactorial immune processes to achieve the precise combination of effects on antigen presenting cells, T cells, B cells, and tissue-specific cells that are maximally therapeutic for each disease. Other GA-like polymers have been investigated, with some promising results. In one study, the randomized copolymers VWAK and FYAK [98] were created using solid phase peptide synthesis [99] , and FYAK was the most effective in stimulating the production of IL4 and IL10 from T cell lines [98] . Moreover, in experimental autoimmune uveoretinitis (EAU), FYAK was more immunosuppressive than GA, especially at lower concentrations, and it inhibited induction of the disease better than GA [100] . EAU is mediated by IFNγ and IL17 produced by Th1 and Th17 T cells, respectively, and while both GA and FYAK were previously shown to downregulate IFNγ and IL17 secretion, this study revealed that only FYAK inhibited the release of those cytokines in the draining lymph nodes [100] , indicating that engineering improvements can be made to randomized polyamino acid copolymers to suit different disease contexts. The FYAK synthetic copolymer was later brought to clinical studies as a 52-mer peptide formulation with N-terminal acetylation. Initial clinical studies had promising results with non-significant reductions in lesion numbers accompanying induction of Th2 associated cytokines [101, 102] .
Other biomaterials approaches involving the precise mixing and codelivery of multiple immune factors are also being developed. In one example towards type-I diabetes (T1D), Keselowsky and coworkers developed a PLGA-based microparticle system with an ability to prevent the onset of T1D in non-obese diabetic (NOD) mice [103] . This highly engineered system consisted of phagocytosable microparticles encapsulating vitamin D3 or insulin B(9-23) peptide, plus nonphagocytosable microparticles encapsulating TGF-β1 and GM-CSF. The four factors together were able to prevent T1D in 40% of the mice receiving the treatment. Another formulation comprising microparticles containing denatured insulin and Puramatrix self-assembling peptide containing GM-CSF and CpG ODN 1826 also were able to protect 40% of NOD mice from T1D, in contrast with controls which uniformly became diabetic [104] . These approaches engage multiple immune pathways yet represent a more tailored approach compared to the random construction of glatiramoids.
High complexity: ECM-derived scaffolds inducing therapeutic immune and inflammatory responses
We continue to move towards increasingly complex biomaterials, from synthetic materials in the previous section to biologically sourced matrices and scaffolds in this section. Naturally derived scaffolds such as decellularized extracellular matrices are emerging as another class of materials capable of inducing therapeutic immune responses or productive shifts in immune phenotype. This new application of these materials contrasts with their historical use as matrices for reconstruction, for delivering cells and biological factors, or for controlled release. Although using biologically sourced scaffolds to deliver cells and factors remains an active area of research [105] , as does the use of decellularized whole organs in regenerative medicine applications [106] , such usage generally lies outside the focus of this review and will be deemphasized here. Rather, in this section we will emphasize the alternative strategy of using the scaffold to stimulate productive immune and inflammatory responses. Using scaffolds to promote an integrated healing response also diverges from approaches in which scaffolds are loaded with cells prior to implantation, where the scaffold's main function is to promote greater survival, engraftment, and localization of the delivered cells. The immunological activity of the scaffold itself has emerged as an interesting and potentially powerful new dimension to be considered on top of these more established strategies already in development.
Naturally derived scaffolds show promise for VML in early clinical investigation
Decellularized ECM-based scaffolds have been used in a number of clinical settings, and more than 30 such products are commercially available [107] . In the past, these products have been used primarily to reinforce soft tissue, but naturally derived scaffolds are now emerging as a clinically useful therapeutic in a way that more intentionally engages active biological processes. Recent human studies have used these materials to treat volumetric muscle loss (VML), a condition in which the regenerative capacity of muscle is overwhelmed by the extent of loss. VML typically occurs as a result of traumatic injury, and current treatment options are limited in their ability to restore muscle mass and function. The use of decellularized matrices to promote a constructive healing response in VML patients has shown promise in small-cohort studies [108] [109] [110] . In this section, the clinical findings of these studies will be discussed, and a discussion of immunological processes potentially at work follows in Sections 4.2 and 4.3.
In 2014, five individuals were treated with urinary bladder matrix (UBM) sheets, which were surgically inserted into the site of muscle loss and sutured to healthy adjacent tissue [108] . This treatment was used in combination with personalized physical therapy both before and after the surgery, with the pre-surgical physical therapy serving as a control to better isolate the effects of the scaffold on muscle repair. New soft tissue formation was observed at the site of the injury at six months post-surgery, and this was accompanied by at least a 25% increase in function in three of the five patients. This study expanded to a total of 13 patients in 2016, with the source of the scaffold being broadened in the eight new patients to additionally include either dermal ECM or small intestinal submucosa (SIS) rather than UBM in some patients [109] . Among the larger 13-patient cohort, there were average improvements in strength of 37.3% and in range-of-motion of 27.1%, while all patients showed an increase in post-operative bulk muscle. Electrodiagnostic analysis was performed on eight of the patients in the study, and among these, five showed post-operative improvement by either nerve conduction study or needle electromyography, suggesting the presence of innervated muscle. One patient in the study showed new tissue growth and functional improvement despite having complete prior atrophy of the hamstring (see Fig. 5 for a compilation of data from this patient). The recruitment of perivascular stem cells (PVSCs) is thought to play a role in ECM scaffolds' ability to promote skeletal muscle regeneration, since PVSCs are multipotent cells that have been shown to be involved in the endogenous response to skeletal muscle injury. Here, immunolabeling of post-operative biopsies showed that PVSCs migrated out of their normal anatomic niche, potentially implicating them in new skeletal muscle formation. While these early clinical studies have small sample sizes and limited controls, they have demonstrated promise in helping patients with traumatic injury who have exhausted current treatment options.
Scaffold decellularization and immune complexity
While the mechanisms behind these promising early clinical results are not fully understood, preclinical studies involved in the therapeutic development of ECM scaffolds have provided insight. Modulation of the immune system is among the key contributors, and it is this aspect of the response that will be emphasized here (for a recent review of the complete current mechanistic understanding, see [111] ). The emerging picture is one in which the elicitation of a particular immune phenotype by acellular scaffolds plays a key role in producing an overall microenvironment that promotes constructive healing. Constructive immune phenotypes are distinguished from inflammatory, rejection-like immune responses directed against the scaffold or its residual cellular debris.
Scaffolds are decellularized before use by a variety of physical and chemical methods [112] , which collectively remove initiators of the most adverse immune responses, but they do not eliminate all forms of immunogenicity. Since cells are not a functional component of decellularized scaffolds, there is reduced concern over detrimental cytotoxic T cell responses against the material [113] . However, due to variance in decellularization processes, the degree to which immunogenic cell remnants remain in scaffolds can vary significantly. DNA content has been proposed as a standard measure for evaluating the decellularization of ECM, both because of the practicality of DNA assays, and because of the relationship between remnant DNA and non-constructive responses [114] . Insufficient decellularization of scaffolds may impact the resulting immune phenotypes to these materials negatively. A study showed that macrophage responses to SIS-ECM scaffolds in vitro were skewed towards greater inflammatory M1 responses at lower extents of decellularization, while a more thorough decellularization protocol gave a more balanced M1/M2 phenotype [115] . While this effect was not observed when tested in an in vivo rat body wall repair model, there were differences in macrophage localization around the implant site, which the authors suggested may be indicative of varied inflammatory responses.
Incompletely decellularized scaffolds retain several types of remnants that increase their complexity and could contribute to the resulting immune phenotype. Damage-associated molecular patterns (DAMPs) are molecules that modulate immune responses by acting via conserved pattern recognition receptors. While DAMPs are typically endogenous molecules that alert the immune system to damage when present in aberrant locations, they could be introduced exogenously via implantation of poorly decellularized scaffolds. Intriguingly, there is limited evidence that DAMPs could potentially contribute to constructive responses. One study found that high mobility group box 1 (HMGB1) was present in both UBM and SIS scaffolds [116] . When UBM was cultured with THP-1 cells, the presence of an HMGB1 inhibitor (glycyrrhizin) caused the cells to upregulate TLR4 mRNA and to secrete more of the pro-inflammatory chemokines CCL2 and CCL4. While this suggests that HMGB1 could promote constructive responses and reduce inflammation, in vivo studies examining the effect of HMGB1 are needed to draw such a conclusion and to clarify how this molecule may interact with other parallel pathways in inflammation. The authors of this study noted variability in HMGB1 content even among samples from the same source tissue; considering the variability in clinical successes, it will be important to further characterize the impact of HMGB1 and other immunogenic cellular remnants on constructive healing responses. As DAMPs represent a diverse class of molecules, it is unclear a priori whether each specific DAMP might be harmful, productive, or relatively neutral with regard to healing, or what amounts of each may constitute an appropriate window, and they remain interesting candidates for further investigation.
Another remnant of ECM scaffolds that could impact the resultant immune response are epitopes, such as the galactose-alpha-1,3-galactose (alpha gal) epitope. This carbohydrate epitope is present in the mammalian tissues from which natural scaffolds are sourced, including porcine SIS [117] , but it is not present in humans, who have large amounts of preexisting, circulating anti-Gal antibodies [113] . These antibodies lead to hyperacute rejection of whole-organ xenografts, and it has been suggested that although host antibody responses are raised against the epitope after SIS implantation, they do not interfere with constructive tissue remodeling. This would form an interesting parallel to the previously discussed glatiramer acetate, for which antibodies generated against the molecule do not interfere with its therapeutic effects.
Scaffolds promote a specific immune phenotype
Rather than a simple binary consideration of whether a scaffold elicits an adaptive immune response or not, focus has been directed towards more nuanced aspects of immune phenotype. It has become increasingly appreciated that the overall phenotype of any elicited immune response can be a major determinant of success, and that the phenotype of the T cell response is important. It was observed more than a decade ago, in 2001, that porcine SIS scaffolds elicit Th2-type immune responses after implantation in mice [118] . Cytokine mRNA analysis revealed that IFNγ was decreased significantly in the graft site after implantation of these scaffolds compared with implantation of syngeneic muscle tissue, while IL4 was elevated, both of which are consistent with Th2 polarization. Additionally, the study found that anti-SIS antibodies were primarily of the IgG1 isotype, which also suggests a Th2 polarization.
The macrophage phenotype elicited by naturally derived scaffolds is closely related to the T helper phenotype, and is also likely an important contributor to constructive responses. Temporal macrophage transitions between the pro-inflammatory M1 phenotype and the alternatively-activated M2 phenotype are known to be important events in the regeneration and growth of tissues following injury [119, 120] . In muscle, modulation of macrophage phenotype impacts the healing response at least in part through the interaction of macrophage effector molecules with PVSCs. Both M1 and M2 macrophages impact mitogenesis events at different points, and the switch to the M2 phenotype is critical for the differentiation of progenitor cell populations into mature muscle cells. Macrophages also mediate the degradation of implanted ECM scaffolds [121] , resulting in the release of bioactive degradation products [111] .
The ratio of M1 to M2 macrophages at the implant site has served as a key indicator, with constructive responses associated with an elevated M2:M1 ratio. This facet of innate immune modulation appears to depend critically on the decellularization of the scaffold. It was shown in a rat abdominal wall repair model that addition of cellular components to the graft led to significantly lower post-implantation M2:M1 ratios, even when the cells used were autologous, and that M2-skewed responses were associated with less scarring and greater constructive remodeling [122] . A comparison of cellular and acellular dermal matrix grafts used for abdominal wall repair in vervet monkeys also found that the use of aceullar grafts led to a lower degree of inflammation and more positive outcomes, though M1/M2 phenotypes were not studied [123] . A connection between temporal macrophage transitions, PVSCs, and muscle generation in the response to ECM scaffolds was drawn in a 2016 study from the Badylak group [124] . Using a porcine SIS powder pillow in a murine repair model, they observed high levels of M1-like (iNOS+) macrophages at day 3 following scaffold implantation, followed by a sharp decrease, with significantly lower levels of these cells than in untreated mice at days 7, 14, and 56. Conversely, M2-like (Fizz1 +) macrophages became the dominant phenotype in ECM-treated, but not untreated, wounds after this transition. This transition was accompanied temporally by migration of PVSCs out of their perivascular niche and towards ECM-treated defect sites, as well as formation of skeletal muscle myotubes. One limitation of this and other studies of macrophage polarization is the use of limited markers that create a binary distinction between M1 and M2 macrophages, rather than viewing them as a heterogeneous and plastic population.
A recent study by Sadtler et al. [125] provided a key link between the initial observations of adaptive Th2 responses elicited by naturally derived scaffolds [118] and the more recent evidence that macrophage polarization is a critical determinant of constructive remodeling. Using bone and cardiac muscle derived ECM scaffolds in a murine quadriceps VML model, they observed an elevated CD4:CD8 ratio among T cells compared to saline-treated controls at one week post-injury, and T cells upregulated expression of the gene Il4, which encodes the IL4 cytokine. This upregulation was lost when ECM scaffolds were used in Rag1 −/− mice, which lack mature T and B cells. Similarly, macrophage polarization towards the M2 lineage with ECM scaffold treatment was seen in wild type, but not Rag1 −/− , mice. Critically, in Rag1 −/− mice repopulated with WT CD4 T cells, expression of the key M2 marker CD206 was restored in myeloid cells, but this phenotypic rescue did not occur when the repopulating cells lacked a critical driver of the Th2-phenotype (Rictor) (Fig. 6) . Furthermore, this result was shown to be IL4-driven, as CD206 expression was greatly diminished in myeloid cells from Il4ra −/− mice, which lack the IL4 receptor. These results aligned with a functional test of muscle regeneration in which transfer of WT, but not Rictor
, CD4 T cells led to an increase in function. Collectively, these results showed that the pro-regenerative M2 macrophage phenotype elicited by ECM scaffolds is dependent on Th2 cells, and that the polarization proceeds through an IL4-dependent pathway. These findings lend more evidence to the concept that Th2 polarization is an important component of a productively immunogenic scaffold in tissue repair applications.
Two complementary paths for development:
Understanding naturally derived scaffold components and rationally designing synthetic scaffolds
Introduction
While acellular scaffolds have shown initial clinical promise, as in the aforementioned VML studies, their continued development and expansion into further therapeutic contexts would be aided by a greater degree of engineerability. That is to say, a greater ability to define a desired phenotype for a certain situation and select a scaffold to promote that phenotype. This increase in engineerability would be hastened by the parallel pursuit of two complementary approaches: building a greater understanding of how naturally derived scaffolds work on a component level, and rationally designing and testing synthetic scaffolds.
Comparative and compositional studies of naturally derived scaffolds
The ECM scaffolds used in preclinical studies are derived from a number of different sources, and available clinical products are also produced from different species and tissues [114] . Matching the anatomical source of ECM with the site in which it will be used is one aspect that might guide ECM selection for particular applications. While studies have largely focused on regenerative applications, some have examined this idea of homologous ECM use in remodeling contexts, but did not show clear and distinct advantages over heterologous ECM scaffolds [126, 127] . While not straightforwardly predictable, scaffold origin might have nuanced effects on how scaffolds engage the immune system. A recent in vitro analysis of decellularized ECM scaffolds' effects on bone marrow-derived macrophages (BMDMs) found that the tissue source of the scaffolds impacted macrophage phenotype [128] . Scaffolds derived from SIS, brain, esophageal, or colonic ECM caused a shift towards expression of M2 phenotypic markers on treated macrophages, while dermal ECM skewed the macrophages towards the M1 lineage, and no such shift was observed in macrophages treated with UBM or liver-or skeletal muscle-derived ECM.
It is not fully clear to what extent the degree of constructive remodeling can be attributed to compositional differences between variously sourced ECM scaffolds as opposed to the decellularization protocols or any uncharacterized debris from the decellularization process. The decellularization process differs between tissues, and must maintain a careful balance to avoid both poor decellularization and disruption of the ECM's native structure, and even the choice of sterilization method may impact the final product [112, 129] . Connecting the composition and structure of decellularized ECM scaffolds to functional in vivo results in a precise manner would be a major boon to their clinical use. Unlike synthetic materials that can be designed bottom-up with control over each specific component, decellularized matrices have a high degree of builtin complexity, some of which is stripped out during their isolation from native tissues. Building an understanding of the effects of each component of these products would improve preclinical testing and might someday allow clinicians to select the appropriate scaffold for each therapeutic use.
The Elisseeff lab made an important step in this direction by developing a high-throughput method to link ECM composition and biological activity [130] . In this method, tissues were treated with solutions of peracetic acid, Triton X-100 detergent and DNase, then cryomilled to produce nanoparticles. These nanoparticles were then either spotted onto acrylamide-coated glass to form 2D arrays, or combined with cells in hanging droplets that led them to self-assemble into 3D cell-tissue spheroids. The study compared ECM from 11 different porcine tissues and organs. Proteomics analysis revealed tissue-specific differences; notably, brain-derived ECM particles had the highest levels of secreted factors, and along with particles from cartilage and adipose tissue had greater amounts of proteoglycans. The collagen types present also varied by tissue source. Murine BMDMs were cultured on the tissue microarrays along with M1 or M2 polarization media and then morphologically characterized, showing some ECMs, most notably bone-derived ECM, to be more conducive to promoting the M2 lineage. A systems biology analysis comparing protein composition and the results of in vitro assays showed correlations, such as that proteins of the S100A family correlated with both osteogenesis and M2 polarization. Proteins of the S100A family, specifically S100A8 and S100A9, are DAMPs known to interact with both TLR4 and the receptor for advanced glycation end products [131] , and their immunomodulatory effects could potentially have a role in the bone-derived ECM being more conducive to M2 polarization than other ECMs in this study. While relationships between in vitro polarization assays and in vivo phenotypes may not directly translate, the approach taken in this study holds the potential for correlating ECM structure to therapeutic results in the future. The use of a highthroughput preclinical model such as this may help to more appropriately select materials for clinical trials, and thus expedite the development of efficacious therapies.
In addition to tissue-specific differences in acellular scaffolds, there has been some research into the effects of the species and age of animals from which scaffolds are derived. An assessment of decellularized lung scaffolds from pigs, rats, primates, and humans revealed some interspecies differences after undergoing the same decellularization protocol [132] . For example, glycosaminoglycans made up a higher percentage of total ECM content in decellularized pig scaffolds than the other species, while elastin content in pig scaffolds was the lowest among the four species. While it is important to note that this study used whole decellularized lung, as it was done in the context of regenerative medicine, it suggests that matrix source species might be a variable to consider going forward. Regarding age, the impact of sourcing SIS-ECM from variously aged pigs was the subject of a pair of studies from the Badylak group [133, 134] . Of note, the SIS-ECM from younger animals led to higher M2:M1 ratios at 14 days post-surgery in a rat abdominal wall defect model, and the M2-shifted macrophage phenotype was accompanied by more constructive remodeling outcomes in the rats [134] . 
Synthetic/engineered scaffolds and immune materials
While a greater understanding of the impacts of the source and composition of naturally derived scaffolds will lend a degree of engineerability to their use, more control may ultimately be afforded by the parallel development of synthetic platforms that combine multiple immune signals. These scaffolds can be more easily tailored due to the control researchers have over the synthesis process, which in turn facilitates the use of design-build-test cycles. The nascent field of immune engineering has designed several materials that allow for control over their immune modulating elements [135] [136] [137] . In addition, even long-studied biomaterials such as alginate, agarose, chitosan, hyaluronic acid, and PLGA can have varying effects on the phenotypic aspects of the immune response, such as T cell polarization [138] . In this way, even seemingly immunologically inert materials may have more subtle and complex interactions with the immune system than is generally recognized. Defined biomaterials also facilitate intervention in specific aspects such as the M1/M2 polarization of macrophages [139] [140] [141] [142] [143] [144] [145] ; as one recent example, Reeves et al. demonstrated repolarization of M1 to M2 and reversed using controlled release from a coated silk polymer [141] . The silk biomaterials enabled a localized, short-term release of either IFNγ or IL4 to shift macrophage polarization between M1 and M2.
Approaches based on self-assembling peptides, such as the aforementioned Q11 peptide, allow for the incorporation of desired epitopes during synthesis. These materials elicit a relatively unpolarized or moderately Th2-polarized T cell response and strong B cell/antibody response [69, 137, 146] . In particular, their ability to raise strong antibody responses without inflammatory adjuvants has received attention [69, 146, 147] . The ability to co-assemble fibers bearing different epitopes allows for the formation of supramolecular assemblies with precise control over the concentration of each epitope within the assembly; one important immunological consequence of this control that has been demonstrated is that the ratio of B and T cell epitopes can alter the resulting T cell phenotype after immunization [69] . By utilizing an additional fibrillizing peptide domain, protein ligands were also incorporated into Q11-based assemblies while retaining their native activity [148] . This provides the potential to explore several new areas of immune engagement, by attaching conformational protein epitopes or functional proteins such as cytokines or chemokines. The use of solid-phase peptide synthesis allows for precise changes to the material's structure that can alter the resulting immune phenotype. For example, the incorporation of D-amino acids into the self-assembling motif KFE8 (FKFEFKFE) produced nanofibers that, when conjugated to the model epitope ovalbumin (OVA) and used to immunize mice, led to significantly higher levels of IgG, IgM, and IgA than the L-amino acid variant [149] . Such a change might allow for tuning the level of immune response to match the therapeutic context.
The Tirrell group has pioneered the use of another platform for engaging the immune system, peptide amphiphiles (PAs). PAs consist of a lipid tail region joined to a hydrophilic peptide head group, and they self-assemble to form micelles. When an immunogenic epitope is selected as the head group, PAs can elicit self-adjuvanting cytotoxic responses to CD8 epitopes [150] or antibody responses to B cell epitopes [151] . These responses can be further augmented by co-assembling the micelles with TLR agonists [151] . Micelles composed of polymers have also been developed for immune engagement, such as a RAFT-polymerized block copolymer micelle from the Wilson lab [152] . This approach utilized a fatty acid-mimetic core to overcome solubility challenges associated with the small molecule TLR7 agonist imiquimod, and a hydrophilic corona for antigen attachment. Intranasal immunization of mice with OVA and IMQ-loaded micelles led to both cellular and humoral immune responses. In a conceptually related approach, the Irvine group developed interbilayer-crosslinked multilamellar vesicles, which utilize an aqueous core and lipid bilayers to co-deliver antigen and adjuvant, eliciting immune responses after both subcutaneous and pulmonary immunization [153, 154] . Hubbell, Swartz, and coworkers have engineered Pluronic-stabilized polypropylene sulfide nanoparticles, which can be synthesized at ultra-small (25 nm) sizes to target dendritic cells in draining lymph nodes via efficient transport through lymphatic capillaries [155] . When conjugated to antigen, these nanoparticles can act as vaccines, eliciting adaptive immune responses in the absence of adjuvant by activating the complement system. They can also be formulated with additional adjuvant to enhance or alter the resulting immune response [156, 157] . The choice of whether and which adjuvants to include in these platforms lends an additional input to their design.
In fact, while adjuvants were once referred to as the "immunologist's dirty little secret," they are becoming a truly engineerable component of biomaterial design [158] . Jewell and coworkers have used layer-bylayer assembly to create immune polyelectrolyte multilayers (iPEMs) composed of adjuvant and antigen on gold nanoparticle templates [159, 160] . The use of negatively charged nucleic TLR agonists and positively charged peptidic antigens allows for these two immune signals to be codelivered to antigen presenting cells [161] , while obviating the need for additional components that could impact the resulting immune response. The synthetic process also provides control over the number of layers in the iPEM, and the process can be modified to use sacrificial templates to form iPEM capsules composed exclusively of antigen and adjuvant [162] . The Esser-Kahn lab has performed studies that explore the synergistic effects of combining multiple adjuvants [163, 164] . Interestingly, in immunization against heat-inactivated vaccinia virus, a small-molecule core tri-functionalized with agonists for TLRs 4, 7, and 9 served as a better platform than a simple mixture of the three agonists, generating an antibody response against a larger number of antigens [164] . As with the importance of co-assembling T and B cell epitopes in peptide nanofibers mentioned above, design rules may emerge regarding the use of such adjuvant combinations, though more research is needed.
While the discovery of design principles for material engagement of the immune system have come largely from the use of particulate biomaterials in models of communicable diseases and cancer, these platforms can also be utilized as scaffolds in therapeutic contexts. This flexibility was demonstrated by the recent use of supramolecular Q11 scaffolds in a wound-healing context, in a study which challenged the notion that engagement of the adaptive immune system is harmful to wound healing [165] . In this study, pre-immunization of mice with unadjuvanted OVA-Q11, followed by placement of OVA-Q11 in the wound, did not delay healing of dermal wounds in 3 murine models, including splinted and unsplinted wounds, and C57BL/6 and ob/ob mice. Healing occurred despite substantial antibody responses raised by the materials. In contrast, when mice were immunized with OVA-Q11 and CFA, followed by placement of OVA-Q11 and incomplete Freund's adjuvant in the wound, healing was delayed in unsplinted ob/ob mice. The difference in healing rates between adjuvanted and non-adjuvanted assemblies highlights the fact that the use of highly immunogenic synthetic materials is compatible with good wound healing, if the correct phenotype of immune response develops. As seen with naturally derived scaffolds, Th2-skewed responses were more conducive to constructive healing, as CD4 T cells from the wound sites of mice given unadjuvanted Q11 scaffolds had significantly higher IL4/IFNγ production ratios.
This study differed from the aforementioned work with naturally derived scaffolds, in that the Q11 scaffolds were not used to improve healing, but rather shown not to interfere. However, while the use of synthetic scaffolds as the primary therapeutic treatment for healing has not yet been demonstrated, they hold promise in two respects. First, they are attractive platforms for continuing to elucidate mechanistic questions about how healing is impacted by elicited immune phenotypes. Second, as this greater understanding develops and researchers are able to more precisely control biomaterials' engagement with the immune system, it can be leveraged to rationally design synthetic scaffolds as therapeutics. In both of these avenues, the engineerability of the synthetic scaffolds is a significant advantage. In contrast to naturally derived scaffolds, the components of synthetic scaffolds can be more precisely defined, and are more readily adjusted. We suggest that the research of synthetic scaffolds in both mechanistic and therapeutic contexts is a promising strategy concurrent to the continued use of naturally derived scaffolds.
Conclusions
In this review we discussed immunologically active biomaterials in current development for raising therapeutic responses to treat a range of diseases and disorders, from inflammation to autoimmunity to large wounds. We began with strategies that seek to target one cytokine only, whether by delivering it, blocking it, or inducing an antibody response against it in an active immunotherapy approach. We then progressed to discuss approaches that engage increasingly complex immune responses, focusing on non-biological complex drugs such as glatiramoids and moving on to biologic scaffolds that raise therapeutic responses in applications such as wound healing. In each context, we highlighted the potential for engineered and chemically defined materials to make a contribution both in understanding and in optimizing the multifactorial immune responses that are necessary for maximal therapeutic effect. Clearly, considering the breadth of these examples, immunologically active biomaterials have a broad reach and stand to make significant contributions across biomedicine. In each of these examples, even the seemingly simple ones targeting only one cytokine, the ultimate success depends on first understanding what combined phenotype of the contributing immune cells affords maximal therapeutic effect, and then engineering the delivery of those factors to achieve that effect reproducibly in diverse patient populations. Given the variability in human immunity, this may ultimately be the greatest challenge for widespread development of immunologically active biomaterials, and technologies that reliably function in diverse individuals will achieve the greatest success.
